The human epithelial cancer mucin MUC1 is able to break tolerance and to induce humoral immune responses in healthy subjects and in cancer patients. We recently showed that clusters of sequence-variant repeats are interspersed in the repeat domain of MUC1 at high frequency, which should contribute to the structural and immunological features of the mucin. Here we elucidated the potential effects exerted by sequencevariant repeats on their O-glycosylation. Evidence from in vitro glycosylation with polypeptide N-acetylgalactosaminyltransferases GalNAc-T1 and GalNAc-T2 in concert with mass spectrometric analyses of in vivo glycosylated MUC1 probes from transiently transfected HEK293 cells indicated reduced glycosylation densities of repeats with three concerted replacements: AHGVTSAPESRPAPGSTAPA. The Pro to Ala replacement in STAPA exerts not only proximal effects on the ppGalNAc-T2 preferred site at -3 and -4, but also more distant effects on the ppGalNAc-T1 preferred site at -15 (TSAPES-RPAPGSTAPA). We also examined the conformational changes of MUC1 glycopeptides induced by the concerted DT to ES replacements and revealed a higher conformational flexibility of ES/P peptides compared to DT/P peptides. Differences in conformational flexibilities and in O-glycosylation densities could underlie the observed differential humoral responses in humans. We were able to show that the natural immunoglobulin G (IgG) responses to the repeat domain of MUC1 in sera from nonmalignant control subjects are preferentially directed to variant repeat clusters. In contrast, the IgG response in patients with adenocarcinoma shifted to higher frequencies of preferential DTR peptide binding.
Introduction
The epithelial type 1 transmembrane mucin MUC1 is established as a tumor marker for monitoring recurrence of breast cancer and is a promising target for immunotherapeutic strategies to treat cancer by active specific immunization. Immunodominant epitopes of MUC1 are localized within the tandem repeat domain, which is comprised of up to 120 repeated 20 amino acid units and exhibits genetic polymorphism in the number and absolute sequence of the repeats. Recent evidence from protein (Müller et al. 1999) and DNA sequencing (Engelmann et al. 2001; Fowler et al. 2003) has revealed that the repeat peptide sequence contains a high incidence of sequence variants. In particular, the immunodominant DTR motif is replaced in up to 50% of the repeats by an ESR motif, often in concert with a Pro to Ala replacement in position +10 relative to the Thr/Ser (Engelmann et al. 2001) . These variant repeats are generally found in clusters (diads, triads, tetrads) interspersed between clusters of nonvariant repeats (Engelmann et al. 2001; Fowler et al. 2003) .
Circulating MUC1 induces a humoral response in healthy subjects and in cancer patients (von Mensdorff-Pouilly et al. 2000a; Croce et al. 2001) . Patients with early breast cancer and a natural humoral response to MUC1 have a higher probability of freedom from distant metastases and a better disease-specific survival, suggesting that anti-MUC1 antibodies control haematogenous tumor dissemination and outgrowth (von Mensdorff-Pouilly et al. 2000a) . Naturally induced anti-MUC1 immunoglobulin (IgG) antibodies recognize more than one minimal epitope within the same individual, with the PDTRP sequence being one of three preferred epitopes present on the tandem repeat peptide (von Mensdorff-Pouilly et al. 2000a) . Vaccination with unglycosylated MUC1 tandem repeat peptides induced IgG responses that were largely restricted to two epitopes: PDTRPAP and STAPPAHGV. Interestingly, natural anti-MUC1 antibodies from breast-cancer patients reacted more strongly with GalNAc-modified peptides than with unglycosylated peptides, whereas the immunization-induced response did not react (von Mensdorff-Pouilly et al. 2000b) . The latter can be explained by the assumption that peptide vaccines generate antibodies, which do not or only weakly bind to glycosylated MUC1 repeats. Hence the natural MUC1 glycoforms should be more efficiently targeted by antibodies generated to glycosylated repeats.
Attempts to use different MUC1 glycoforms for the experimental induction of cytotoxic-T cell responses (Hiltbold et al. 1999) or major histocompatibility complex (MHC) class II-mediated helper T cell responses (Hiltbold et al. 2000) have indicated that the immunogenicity of these antigens is inversely correlated with the degree of glycosylation. We have previously shown that MUC1 processing by dendritic cells (DCs) is influenced by O-glycosylation (Vlad et al. 2002; Hanisch et al. 2003) . Although complex O-linked chains on MUC1 repeats are not removed by DCs (Vlad et al. 2002) , the attachment site of the glycans is critical during processing . This explains why native MUC1 glycoforms with glycosylated Thr at the VTSA motif (preferred substrate site of the ubiquitous polypeptide GalNAc-transferase T1) are poor immunogens (Hiltbold et al. 1999; Hiltbold et al. 2000) .
Previous investigations of humoral immune responses to MUC1 were exclusively based on the nonvariant repeat peptide sequence, which had been originally described by four independent groups (Lan et al. 1990; Gendler et al. 1990; Ligtenberg et al. 1990; Wreschner et al. 1990) . No information is available on the antigenicity and immunogenicity of variant repeat clusters in MUC1. Although the DT to ES replacement is conservative in nature and a structural similarity of the two motifs can be assumed, many of the DTR-specific hybridoma antibodies generated in mice do not cross-react with peptides containing the variant ESR motif.
In this study the attempt was made to define structural differences of sequence-variant MUC1 repeats and to link information on glycopeptide conformations and peptide O-glycosylation with the relative immunogenicity and antigenicity of variant versus nonvariant repeats in humoral responses. Even subtle differences in the conformational propensities of ES versus DT repeats expectedly can lead to a modulation of anti-MUC1 responses. A higher flexibility of ES repeats-as revealed in this study-could be linked to more easily overcoming tolerance with variant peptides. Moreover, a reduced glycosylation density of ES/A sequencevariant repeats (containing the sequence ESRPAPGSTAPA) compared to the invariant DT/P repeats (containing the corresponding sequence DTRPAPGSTAPP) should further differentiate the immune response to subdomains of the mucin. A structure-based knowledge on the immunogenicity of natural MUC1 glycoforms, of its subdomains, and their immunodominant motifs expectedly will aid the design of efficient tumor vaccines.
Results

Glycosylated variant and nonvariant MUC1 repeat peptides differ in their conformational propensities
Many murine hybridoma antibodies are directed to the immunodominant DTR motif in the MUC1 repeat peptide. The lack of cross-reactivity of several of these antibodies with variant ESR repeat peptides (see below) indicates a structural distinctness of DTR-versus ESR-containing peptides. We defined these structural differences by investigating the detailed conformational aspects of the (glyco) peptides in the vicinity of the sequence variations. Two series of AHG21 peptides were used containing either the sequence DTRPA-PGSTAPP or the variant sequence ESRPAPGSTAPP, where only the immunodominant motif varied. Whenever possible, the peptides were designated by using the configuration of the three variable positions, DT/P or ES/P (for structural details on glycopeptides used in this study refer to Table I ). Numbering of varied or glycosylated amino acids refers to the AHG starting motif of the AHG21 peptides.
Analysis of the nuclear magnetic resonance (NMR) data obtained for the ES/P peptide series has shown that most of the proton resonance assignments for amino acid residues at the same positions are very similar to the chemical shifts for the DT/P peptides presented in Tables I and II in Kinarsky et al. (2003) . Distinct differences were observed for DT-and ES-containing regions of the peptide. The proton chemical shifts for the ESR segments within the ES/P peptide series are shown in Table II . The nuclear Overhauser enhancement (NOE) connectivities within glycopeptides, AHG21-ES(T5), AHG21-ES(S10), and AHG21-ES(T17), are shown in Figure 1 . Several NOE cross-peaks related to sugar-peptide interactions were observed near glycosylated Thr5*, Thr17*, and Ser10* (Table III) . The coupling constants for all amino acid residues ranged from 8.1 to 8.6 Hz, which is consistent with an absence of ordered secondary structure. Many strong consecutive d αN (i, i+1) connectivities The one-letter code for the designation of amino acids is used. Italicized residues correspond to sequence-variant positions, and bold face residues correspond to residues glycosylated with GalNAc. To determine the conformational features of the peptide backbone and the effect of O-glycosylation at proximal and distant sites, the NMR-derived structures of peptide fragments, VTSA, ESR, and GSTA, from all three glycopeptides, AHG21-ES (T5*), AHG21-ES (E10*), and AHG21-ES (T17*), were selected for cluster analysis. Briefly, the results obtained for the VTSA and GSTA fragments within the ES/P series were similar to previously described results for the DT/P glycopeptides (Tables IV and VI in Kinarsky et al. [2003] ). The most populated structural clusters comprised extended β-strand-like, polyproline II-like, or inverse γ-turn-like conformations near threonine residues to be glycosylated. (In this context, terms "β-strand-like, polyproline II-like, or inverse γ-turn-like conformations" have been used to emphasize that it is not specific secondary structures, but rather conformations of the distinct residues that fall into the regions of the Ramachandran plot that include the β-strand, polyproline II, or inverse γ-turn conformations.) However, conformational ensembles of energy-minimized structures for the VTSA and GSTA fragments from the ES/P series, calculated with the same parameters for the analogous segments, demonstrated larger variations than were observed for the DT/P glycopeptides. For example, the number of representative structural clusters for the VTSA fragment was increased from six to nine root-meansquare-deviation (RMSD=0.7 Å). For the GSTA fragment, the number of clusters was increased from seven to nine (RMSD=0.9 Å).
For the ESR fragment, nine structural clusters were obtained with the RMSD=0.7 Å in comparison to five major clusters that were defined for the DTR fragment of the DT/P peptides. Nevertheless, a significant population of the inverse γ-turn-like conformations for Glu9 in AHGVT-SAPESRPAPGSTAPPA and more extended polyproline II or β-strand-like structures for Arg11 resembled the structural ensemble described previously for the backbone conformations of the DTR fragment (Kinarsky et al. 2003) . Glycosylation affected conformational propensities and slightly diminished structural deviations within the peptide backbone. NH (GalNAc-S10) NH (S10*) Weak NH (GalNAc-S10) H2 (GalNAc-S10) Medium NH (GalNAc-S10) H3 (GalNAc-S10) Medium CH 3 (GalNAc-S10) β2H (S10*) Weak Distinct differences were observed in a conformational variability of side chains of Ser10 in AHGVTSAPESRPA-PGSTAPPA and Thr10 in AHGVTSAPDTRPAPG STAPPA. All three conformational rotamers of the side chain (χ 1 ∼-60°, 180°, and +60°) were observed in structural ensembles generated for both nonglycosylated and glycosylated Ser10. For the nonglycosylated Ser10, χ 1~6 0° and -60° were the most populated rotamers among the side chain conformations of low-energy structures; whereas, for the glycosylated Ser10*, the most populated rotamers of the side chain conformations were χ 1 -60° and χ 1 -180°. The side chain flexibility of threonine residues was significantly more restricted than the flexibility of the serine side chain. Side chain conformations of the nonglycosylated Thr5 and Thr17 were populated by only two rotamers of the χ 1 angle: -60° and +60°. After glycosylation, the side chain conformations of Thr5* and Thr17* demonstrated the only populated rotamer of the χ 1 angle: +60°.
In summary, these NMR data indicate that DT substitution by ES increased conformational variability of the peptide backbone. The differences were found in conformational distributions for the χ 1 angle of side chains of Ser10 or Thr10. The side chain of serine was more flexible than the branched side chains of threonines. Glycosylation slightly affected conformational preferences for the side chain of serine and diminished conformational flexibility of the side chains of threonine residues.
The sequence variation of TAPP to TAPA is associated with reduced glycosylation densities of variant repeats
The clusters of variant repeats within the repeat domain of MUC1 can be specifically cleaved with the Glu-C specific V8 protease from Staphylococcus aureus resulting in 20-mers with the sequences SRPAPGSTAPPAHGVTSAPE or SRPAPGSTAPAAHGVTSAPE (Figure 2 ). We were able to demonstrate that most of proteolytic fragments derived from the MUC1 repeat domains (MUC1 from pooled human milk fat membranes of >10 individual donors) exhibit a concerted replacement of Pro to Ala in the PAH motif ( Figure 2 , refer also to ref. 1 and 2). Current knowledge of the influences of proximal amino acids on the substrate qualities of putative glycosylation sites suggests that Pro in +3 relative to the Thr/Ser is favorable or even essential, whereas other amino acids in that position can abolish activity of some polypeptide GalNAc-transferases.
We tested peptides with the concerted replacements (DT/ P and ES/P versus ES/A) as substrates for O-glycosylation by polypeptide GalNAc-transferases rGalNAc-T1 and rGalNAc-T2 (Table IV) , which are the ubiquitously expressed isoforms. The variant peptide AHG21-ES/A was not an effective substrate for either enzyme, because no GalNAc incorporation was measured after 24h reaction. In contrast, the corresponding nonvariant repeat peptide AHG21-DT/P, the variant control with two concerted replacements AHG21-ES/P, and the extended TAP25-DT/P yielded diglycosylated (rGalNAc-T1) or triglycosylated products (rGalNAc-T2) during the same time period (Table IV) . Accordingly, the negative effect on the substrate qualities of ES/A peptide can be assigned to the Pro to Ala replacement. To exclude that location of putative glycosylation positions with respect to number of flanking residues within Table IV . Variant MUC1 repeat peptides with a STAPP to STAPA replacement are poor substrates for ppGalNAc-T1 and ppGalNAc-T2
The peptide substrates are designated by short notation referring to the N-terminal tripeptide, followed by the peptide length in terms of number of amino acids, the configuration of the three variant sites, and the total number of putative O-glycosylation sites accessible for the two polypeptide GalNAc-transferases given in brackets. An asterisk indicates trace O-glycosylation at one further site. Pseudomolecular ions MH + of glycopeptide products were registered in MALDI-MS, and the number of GalNAc residues added to the peptides was calculated on the basis of incremental mass increase (one HexNAc residue corresponds to 203.2 mass units).
Number of incorporated GalNAc during 24 h
Peptide substrates ppGalNAc-T1 ppGalNAc-T2 ppGalNAc-T1+T2 A H G 2 1 -E S / A ( 3 ) 0 0 0 * GST20-A/ES (3) 1* 0* 1* AHG21-DT/P (3) 2 2/3 2/3 AHG21-ES/P (3) 2 2* 2/3 TAP25-DT/P (4) 2 2/3 3/4
AHG61-ES/P (9) 4-8 3-9 6-9
Fig. 2. Mass spectrometric identification of variant SRP20 peptides from V8 (Glu-C) digested endogenous MUC1-Endogenous MUC1 from milk fat membranes was partially deglycosylated (Müller et al. 1997) , treated with α-N-acetylgalactosaminidase and fragmented by proteolytic cleavage with the Glu-C-specific V8 in NH 4 HCO 3 buffer pH 7.8. The MALDI mass spectrum shows only 20-mer peptides, higher mass peptide fragments above 3500 Da, which should correspond to incompletely cleaved repeat oligomers, were outside of the detection window. SRP20 peptides with a P to A replacement (localized to the PAH motif according to minisatellite variant repeat analyses by Engelmann et al. 2001) were revealed as the dominating species and indicated that the ES-containing variant repeats are often associated with the P to A replacement to form ES/A repeats. Downloaded from https://academic.oup.com/glycob/article-abstract/15/8/735/637686 by guest on 13 December 2018 the peptide might influence enzyme activities, we tested an alternative variant peptide starting with the GST motif (GST20-A/ES). Also this peptide showed reduced O-glycosylation by yielding only monosubstituted product (rGalNAc-T1) or product with traces of GalNAc incorporation (rGalNAc-T2). Interestingly, the Pro to Ala replacement in STAPA exerts not only the expected negative effect on the proximal sites at -3 and -4 preferred by ppGalNAc-T2, but also more distant effects on the ppGalNAc-T1 preferred site at -15 in peptide AHGVTSAPESRPAPGSTAPAA. This distant effect on ppGalNAc-T2 activity is consistently found for peptide substrates with different configuration of the three sequence variations (A/ES vs. ES/A), whereas ppGalNAc-T1 activity is affected only by the ES/A configuration. Nevertheless, both enzymes showed reduced catalytic activities with the variant MUC1 peptides, supporting the hypothesis that variant repeat clusters with the ES/A configuration could be less glycosylated than those with the DT/P configuration, if only ppGalNAc-T1 and/or ppGalNAc-T2 and isoforms with similar substrate specificities were making up the enzymatic repertoir of a cell.
To prove that also in vivo glycosylated MUC1, which was expressed in epithelial cells, displays reduced glycosylation densities of variant repeats, we performed structural analyses of glycopeptides derived from the repeat domain by proteolysis. MUC1 from natural sources, however, contains undefined numbers of variant repeats. We therefore analysed a recombinant MUC1 probe with six sequence-defined repeats , which had been expressed in the virally transformed human epithelial kidney cell line HEK293. Of the six repeats three contain the motif AAH (A repeats), two the motif PAH (P repeats) and one the motif QAH (Q repeat). After limited trifluoromethane sulfonic acid treatment which results in quantitative removal of peripheral and backbone sugars, but retains more than 80% of the core-GalNAc, effective tryptic cleavage of the repeat domain occurred at Arg-C with formation of glycosylated PAP20 peptides PAPGSTAP(A,P,Q)AHGVTSAP (DT,ES)R (Figure 3) . Although up to 20% of the core-GalNAc is lost during limited TFMSA treatment, the cleavage occurs randomly at various Ser/Thr positions as demonstrated with synthetic glycopeptides (data not shown). Hence, the remaining coreGalNAc can be regarded to authentically reflect the Oglycosylation densities of sequence-variant repeats. The PAP20 glycopeptides were analysed by MALDI-MS (using the mass increment of -26 for PAP20 with a P to A replacement, and +31 for PAP20 with a P to Q replacement) to determine the molar ratio of A:P:Q repeats in the signal triplets (Figure 3) . Although the nominal ratio of A:P:Q PAP20 peptides derived from the repeat domain of the construct is 1:1:0.5 (according to five PAP20 peptides cleavable out of a six repeat domain), the measured ratios of peak intensities were 1:3:0 (for PAP20 with 4 GalNAc residues attached) and 1:1:0.25 (for the unglycosylated PAP20), respectively ( Figure 3 ). This corresponds to reduced glycosylation densities of both A and Q repeats (irrrespective of the DT to ES variation, which can not be discriminated by Fig. 3 . MALDI mass spectra of tryptic glycopeptides from MUC1 probe expressed in human epithelial kidney cells HEK293-Secretory MUC1 probe expressed in HEK293 cells was isolated from culture supernatant by affinity chromatography on Ni 2+ chelate column and purified by reversed-phase chromatography on C8 silicate column . The O-glycans were reduced to the core-GalNAc level by limited trifluoromethane sulfonic acid treatment to enable effective cleavage by trypsin. The sections of mass spectra refer to HPLC-purified tryptic MUC1 repeat peptides PAP20 with no or one to four GalNAc residues attached (PAP20-0 to PAP20-4). A, P, and Q refer to PAP20 peptides containing AAH, PAH, and QAH motifs, respectively. A semiquantitative evaluation of mass spectrometric signal intensities is given in tabular form. 
MS)
. Similar experiments had previously been performed with the same recombinant MUC1 probe expressed in a panel of breast-cancer cell lines, however, the partial de-O-glycosylation had been achieved by exoglycosidase treatment . The ratio of peak intensities corresponding to the three sequence variations agreed largely with the expected ratio of A:P:Q repeats, which implies that the cancer cells did not express A and Q repeats with reduced O-glycosylation densities. In summary, some ppGalNAc-Ts, like the ubiquitously expressed ppGalNAc-T1 and ppGalNAc-T2, apparently are unable to effectively O-glycosylate variant MUC1 peptides with the ES/A configuration, whereas others, like those expressed in some cancer cell lines, seem to be less affected by the sequence variations. Accordingly, both the tissue-specific and differentiation-dependent ppGalNAc-T repertoirs and the enzyme-specific sequence context necessary for efficient GalNAc transfer are likely to account for the differential Oglycosylation of ES/A versus DT/P repeats.
Natural IgG responses in healthy subjects show preferential binding to variant repeat clusters
Binding to oligorepeat peptides. We determined the relative IgG binding of individual serum samples to 61-meric peptides with the DT/P or ES/P configurations and focussed in this way on B cell responses to the immunodominant DTR epitope and its sequence variant. The relative reactivity of individual samples was calculated as the ratio of binding activity toward ESR oligorepeats to that on DTR oligorepeats (100%). Following this definition a relative reactivity <100% indicates a stronger binding to the DTR than to the ESR peptide, and a relative reactivity >100% indicates a stronger binding to the ESR than to the DTR peptide.
The relative reactivity of the control IgG and IgM samples (mean ± SD) was 85 ± 3,2 % and 103 ± 2.4%, respectively. The interassay coefficient of variation of the control IgG and IgM sample was, respectively, 3.8 and 2.3%. IgM responses in the total study population gave relative reactivities (95 ± 6%) that were normally distributed and did not differ significantly among control subjects (healthy subjects, pregnant women, and patients with benign breast tumors) and patients with adenocarcinoma (results not shown). In contrast, IgG responses were not normally distributed. The relative reactivity of the samples for IgG responses is contained in Table V and Figures 4A and B . Relative binding ranked higher in samples from control subjects than in samples from patients with adenocarcinoma, but these differences were not significant (P = .084). As the 99.7% confidence interval (mean ± 3 SE) for the IgG control sample mean ranged from 75.94 to 94.86%, we defined samples with a relative reactivity of 100 ± 10% as having a neutral or indifferent binding, recognizing equally well the DTR and the variant ESR sequences. IgG responses from control subjects were more frequently directed to the ES/P peptide, whereas in the group of patients with adenocarcinoma the frequencies of preferential binding to one of the alternative repeat clusters shifted to the DT/P peptide (P = .003) ( Figure 4B ).
Binding to monorepeat glycopeptides. IgG from patients with adenocarcinoma showed higher relative binding to the AHG21 glycopeptides than to the unglycosylated control peptides (Table V) , but these differences were statistically significant only for glycopeptide H14 (P = .013). Relative binding to the glycopeptide H12 was higher (P = .025) for the samples classified as having preferential binding to the DTR motif (N = 14) than for the samples with preferential binding to the ESR motif (N = 20). This significant difference in binding was still present for control samples (P = .022), but not in adenocarcinoma samples. Six samples showed extreme low binding to one or more glycopeptides, five of these were control samples; only one was an adenocarcinoma sample. Whereas individual control samples varied widely in the pattern of reactivities with the different glycopeptides, adenocarcinoma samples tended to recognize all glycopeptides equally well ( Figure 4C ).
Cross-reactivity of monoclonal DTR-specific mouse antibodies to ESR-peptides
A panel of murine hybridoma antibodies (Price et al. 1998) was tested for their relative binding to DT/P and ES/A repeat peptides (Table VI) . Two groups of antibodies were included in this panel: (1) MAbs generated to synthetic DT/P peptides or to recombinantly expressed fusion proteins lacking ESR motifs (VA1, VA2, BCP7, BCP8, BCP9) and (2) MAbs generated to MUC1 from natural sources (DF3, SM3, HMFG-1, BC2, B27.29, E29, b-12, C595). In the first group, only one antibody (VA1) bound exclusively to the DT/P peptide (TAP25) and showed no cross-reactivity to ES/A peptides (AHG21-ES/A, GST20-A/ES), whereas two were weakly cross-reactive (BCP8, VA2). BCP7 and BCP9, two further antibodies with strong binding to ES/A peptides, differ from the other antibodies in this group, in that they define proximal epitopes common to variant and nonvariant peptides (Table VI) . In the second group about half of the antibodies showed significant cross-reactivity to ES/ A peptides (B27.29, HMFG-1, b-12, C595), while the others were specific for the DT/P peptide (DF3, BC2, E29, SM3).
Discussion
According to genetic sequence polymorphisms, the MUC1 gene contains clusters of variant sequences within its repeat domain, the incidence of which can fluctuate individually, but can reach up to 50% of all repeats (Engelmann et al. 2001; Fowler et al. 2003) . On the protein level, these extended stretches of peptides (repeat diads to pentads) were known to exhibit concerted amino acid replacements at the immunodominant motifs, but neither the hereby induced alterations of peptide conformation and O-glycosylation nor the related changes in immunogenicity of the tumor marker were investigated. Structural data presented in this study now revealed that variant repeat clusters in the MUC1 repeat domain are distinct from nonvariant repeat clusters by two major features: (1) The ESR motif within the variant repeat peptide exhibits a higher conformational flexibility compared to the DTR motif. (2) According to in vitro studies with two ppGalNAc-Ts and in vivo O-glycosylation of a recombinant probe in HEK293 cells, most of variant ES/A repeat clusters should be less densely O-glycosylated than the corresponding DT/P peptide clusters ( Figure 5 ).
Although only two out of a panel of 15 reported ppGalNAcTs were tested in this study, ppGalNAc-T1 and ppGalNAc-T2 are the ubiquitously and constitutively expressed isoforms. Cancer cells may express a different repertoir of ppGalNAc-Ts compared to normal resting epithelium, as shown for ppGalNAc-T3 in well-differentiated adenocarcinoma cells (Sutherlin et al. 1997) . In accordance with this, structural analyses of MUC1 probes secreted by four breast-cancer cell lines (T-47D, MCF-7, MDA-MB231, ZR75-1) did not reveal evidence for reduced glycosylation densities of variant ES/A peptides compared to DT/P peptides . In this study, when the same probe was expressed in a virally transformed human epithelial kidney cell line, a reduced glycosylation density of repeats with a AAH and QAH motif became apparent. The AAH motif is often found in concert with the ES sequence variation in a representative mixture of endogenous MUC1 from pooled human milk samples, which implies that in natural glycoforms the clusters of ES/A repeats can be less densely O-glycosylated than the invariant DT/P repeats as depicted in Figure 5 . In vitro negative effect of sequence variation on enzyme activity could be clearly assigned to the Pro to Ala replacement in ES/A repeats and was exerted on the Ser/Thr positions in GSTA (at -3 and -4), but also on the more distant Thr position in VTSA (at -15 or +5, respectively). For ppGalNAc-T2 this effect was independent of the N-or C-terminal location of the Pro to Ala replacement (A/ES vs. ES/A peptides) and in agreement with previous findings . Good substrates of ppGalNAc-T2, like the DT/P peptides tested in this study, are initially glycosylated at Thr in STAPP, which triggers further O-glycosylation at less preferred sites via a postulated lectin domain-mediated mechanism. This would explain why glycosylated ES/A peptide, like AHGVT(GalNAc)SAPESR-PAPGSTAPAA, was found to be a good substrate for ppGalNAc-T2, which was glycosylated at Ser and Thr in STAPA, irrespective of the Pro to Ala replacement .
Structural evidence for the relatively weak glycosylation of variant ES/A versus invariant DT/P repeats in vivo is based Fig. 5 . Section of MUC1 repeat domain with differentially glycosylated clusters of variant and nonvariant repeats-The schematic presentation shows oligorepeat clusters with the nonvariant sequence AHGVTSAP-DTRAPAGSTAPP (shaded rectangles) and with the variant sequence AHGVTSAPESRPAPGSTAPA (white rectangles). Thin bars and symbols (gray squares, GalNAc; gray circles, Gal; white squares, GlcNAc; white triangles, sialic acid) represent O-linked oligosaccharides (one to five per repeat). Table VI . Cross-reactivity of DTR-specific antibodies on variant MUC1 repeat peptides containing the ESR motif All antibodies (except for BCP7 and BCP9) were characterized to define peptide sequence epitopes comprising the DTR motif (Price et al., 1998 on a single cellular model, it tells however, that a cell-specific repertoir of ppGalNAc-Ts can account for differential O-glycosylation densities of sequence-variant repeats. Further studies will have to elucidate, which enzyme repertoirs characterize the normal, resting breast epithelium and breast carcinoma cells and which of these enzymes are able to add GalNAc to variant ES/A repeats. The structural distinctness of variant and nonvariant peptides may also explain their antigenicity as is reflected in the selective binding of several murine DTR-specific monoclonal antibodies to MUC1. Besides obvious side chain differences, the increased conformational variability of ESR-containing peptides may enable a population of specific backbone conformations that are characteristic for recognition and binding of the DTR-containing peptides by DTR-specific antibodies. This may partially explain results summarized in Table VI . For antibody B27.29, which recognizes the RPAP segment adjacent to DT(ES) residues (Price et al. 1998) , TAP25 was bound best among the peptides tested here, presumably because of a less flexible DTR sequence and a longer N-terminal segment. As suggested by Kirnarsky et al. (2000) , the lengths of N-terminal segments of peptide "ligands" might significantly affect their structural flexibility and conformational propensities.
The structural distinctness of variant repeat clusters and commensurate reduced glycosylation densities could explain the predominance of responses to the ESR motif, and the variable binding to the glycosylated peptides observed in the natural responses to circulating MUC1 glycoforms in control subjects. According to studies on the processing of O-glycosylated MUC1 in the MHC class II pathway (Vlad et al. 2002; Hanisch et al. 2003) , the activation of helper T-hybridoma cells is dependent on sitespecific effects of glycans attached to the major cathepsin L processing site . No difference was found in cathepsin L-catalyzed cellular processing of ES/A and DT/P repeat peptides. Hence, the peptide-directed humoral response to the variant and invariant repeat clusters should be largely dependent on the sites and average density of O-glycosylation. The shift to increased frequencies of preferential binding to DTR-peptide clusters, as well as an equal recognition of all glycoforms by IgG from patients with adenocarcinoma can be explained by the tumor-associated changes in O-glycosylation of MUC1: a general reduction of the glycan chain lengths. This could lead to facilitated accessibility of the nonvariant peptide backbone and may enable immune responses to it. Results of previous studies (von Mensdorff-Pouilly et al. 2000b) have demonstrated that humoral responses to MUC1 are polyclonal. Results from this study suggest that this polyclonality is more extensive in carcinoma patients than in controls.
Interestingly, the natural responses to the variant repeats found in normal control subjects may show that overcoming tolerance to ES repeats occurs more easily than to nonvariant DT repeats. Increased conformational variability of ES/P peptides versus DT/P peptides along with the IgG binding data may link the tolerance and conformational flexibility of B-cell epitopes: more flexible peptide epitopes might more easily overcome tolerance to such epitopes at the level of B cells. A possible explanation of this phenomenon may involve decreased binding affinity of ES-containing epitopes because of peptide flexibility. This may result in more diverse antibodies with ES than DT reactivity. Easy brake of tolerance to variant repeat peptides does not mean that ESR motifs-as possibly lowaffinity epitope-could be better antigens for immune interventions than the nonvariant DT/P repeats. Whether DTspecific responses are more efficient because of increased affinity or lower-clonal heterogeneity remains to be determined in mouse models by using transgenic MUC1 mice as well as in clinical settings.
Materials and methods
Controls, patients, and serum samples
Fifty-two serum samples with high levels of IgG and/or immunoglobulin M (IgM) antibodies to MUC1 were obtained from 21 control subjects (one healthy man, 10 healthy women, four pregnant women, and six benign breast-tumor patients) and from 31 patients with adenocarcinoma before primary treatment (28 breast, two ovarian, and one gastric carcinoma), selected from a screened population of more than 2000 subjects. Screening for humoral responses to a 61-meric MUC1 tandem repeat peptide had been performed as previously described (von Mensdorff-Pouilly et al. 1996) at initial serum dilutions of 1:100 for IgG and 1:500 for IgM determinations. The selected samples had a median optical density units (OD) of 1.093 (range 0.447-2.047) and 0.971 (range 0.224-1.655) for IgG and IgM determinations, respectively, equally distributed among patients and controls. Serum samples were collected, aliquoted, and stored at -80°C until analyzed.
Peptides and glycopeptides
The MUC1 oligorepeat peptides were synthesized in local facilities (HGV61-DT/P) or kindly provided by Dr Olivera Finn, University of Pittsburgh Medical School, Pittsburgh, USA (AHG61-ES/P). The monorepeat peptide TAP25-DT/P was obtained from Dr Joyce Taylor-Papadimitriou, Imperial Cancer Research Fund, London, UK. Variant monorepeat peptides, AHG21-ES/A and GST20-A/ES, were synthesized by a local facility at the Center of Biochemistry in Cologne, Germany. Pepceuticals Ltd, Leicester, UK, synthesized the monorepeat peptides AHG21-DT/P and the variant monorepeat AHG21-ES/P. All glycopeptides based on the AHG21 sequence with two concerted replacements (H11-H16: AHGVTSAPESRPAPGSTAPPA) and with GalNAc monosubstitution at Thr5, Ser10, or Thr17 were synthesized by Prof Dr Hans Paulsen, Institute of Organic Chemistry, University of Hamburg, Germany, according to previously published protocols (Karsten et al. 1998) . For structural details refer to Table I .
Binding assays of human natural IgG/IgM to MUC1 peptides and glycopeptides
Binding to oligorepeat peptides. Serum samples were tested for binding to a 61-meric MUC1 tandem repeat peptide (HGV61-DT/P), and the oligorepeat peptide AHG61-ES/ P, with an enzyme-linked immunosorbent assay (ELISA) as Downloaded from https://academic.oup.com/glycob/article-abstract/15/8/735/637686 by guest on 13 December 2018 previously described (von Mensdorff-Pouilly et al. 1996; von Mensdorff-Pouilly et al. 2000a) . The assay was performed for each serum sample/peptide in duplicate, and results were calculated as the mean difference between the readings in OD in peptide-coated and BSA-coated wells. The relative reactivity of the samples with the AHG61-ES/P peptide was calculated as the ratio of the ES versus DT peptide binding within the same plate. A MUC1 IgG-positive serum sample from a healthy control and a MUC1 IgM-positive serum sample from a breast-cancer patient were tested correspondingly in every plate to define interassay variability.
Binding to glycopeptides. Serum samples were tested for IgG binding to the glycopeptides H11 to H16 and to the corresponding unglycosylated monorepeat peptides, AHG21-DT/P and AHG21-ES/P. The following modifications were introduced in the assay: The two peptides and one set of glycopeptides (H11 to H13, or H14 to H16), each conjugated to BSA, and BSA were adsorbed in duplicate columns in 96-well ELISA plates. The samples were incubated at a dilution of 1:100 one sample per row in sets of two plates. Results were calculated as the mean difference between the OD measured in experimental wells (BSAconjugated peptide/glycopeptide) and BSA-coated control wells. The relative reactivity of the samples with the glycopeptides was calculated as the ratio of glycopeptide versus peptide binding within the same plate.
Statistical methods
Statistical analysis was performed using SPSS software (Version 9.0, SPSS Inc, Chicago, IL, USA). Assay results were tested for normality of distribution. The correlation among assay results obtained with the peptides and glycopeptides was evaluated by linear regression analysis. Distribution of variables in contingency tables was analyzed with a χ 2 test or, when the sample size was small, a Fisher's exact test. The percentage of reactivity with the peptides and glycopeptides in the different groups was analyzed using the Mann-Whitney U/Wilcoxon rank sum W Test. In all cases, a two-tailed P = .05 was considered significant.
Binding assays of murine hybridoma antibodies to MUC1 peptides
The assays were performed in triplicate on 96-well microtitration plates by coating with 10 µg/ml of the respective peptides as described previously (Karsten et al. 1998) . Out of a panel of murine antibodies to the MUC1 peptide core a selection with reactivity to the peptide TAP25-DT/P (Price et al. 1998 ) was tested for cross-reactivity to variant peptides (AHG21-ES/A, GST20-A/ES). Cross-reactivity of antibodies relative to the reference peptide TAP25-DT/P was calculated on the basis of averaged optical densities and expressed as +++ (>70%), ++ (30-70%), + (<30%) or -(no binding to variant repeat peptides).
MHz nuclear magnetic resonance spectroscopy of glycosylated MUC1 repeat peptides
The NMR experiments used to acquire structural data included total correlation spectroscopy (TOCSY), nuclear Overhauser enhancement spectroscopy (NOESY), rotating frame NOE spectroscopy (ROESY), double quantum filtered correlation spectroscopy, and HSQC (heteronuclear single quantum coherence). All data were acquired on a 600-MHz Varian INOVA spectrometer operating at 14.1 Tesla. The samples were dissolved in 90:10 H 2 O:D 2 O (600 µL) to a concentration of 3 mM, and adjusted to pH 4.5; all data were acquired at a sample temperature of 5°C. Water suppression was accomplished by using presaturation (using a 50-Hz field), except for the HSQC experiment, which used pulsed field-gradient solvent suppression. The mixing times used were 75 msec for TOCSY, 150 msec for ROESY, and 100, 200, and 400 msec for the NOESY data sets. Resonance assignments of protons in the glycopeptides were obtained from the TOCSY and NOESY spectra (Wüthrich, 1986) . In addition, the HSQC spectrum was used to assist resonance assignments of carbohydrate protons.
3 J N ∧ α vicinal coupling constants were obtained using the DQF-COSY spectra. The peak intensities in the NOESY spectrum (200 ms) were converted into the upper distance constraints and classified as strong, medium, weak, and very weak corresponding to distance ranges of 1.8-2.5 Å, 1.8-3.0 Å, 1.8-4.0 Å, and 1.8-5.0 Å, respectively. Structure calculation and refinement procedures were described previously (Kinarsky et al. 2003; Kirnarsky et al. 2000) . From 200 structures of each glycopeptide, generated by the Dynamics Algorithm for Nmr Applications program (Güntert et al. 1997) , 50 conformers with lowest constraint violations were taken for the structural analysis. These structures were energy minimized and 25 low-energy structures of each peptide were pooled together and clustered using a RMSD criterion for the backbone atoms of the VTSA, ESR, and GSTA segments.
Mass spectrometric analysis of proteolytic fragments from MUC1 repeat domains
The peptide and glycopeptide samples (20 µl) contained in 0.1% aqueous trifluoroacetic acid (TFA) or in mixtures with acetonitrile (ACN) were applied to the stainless steel target by mixing one volume of sample with matrix (one volume of saturated solution of α-cyano-4-hydroxycinnamic acid in ACN/0.1% aq. TFA, 2:1, or two volumes of 20 mg dihydroxy benzoic acid in ACN/0.1% aq. TFA, 1:2). Mass spectrometric analysis was performed on a BrukerReflex IV instrument (Bruker-Daltonic, Bremen, Germany) by positive ion detection in the reflectron mode. Ionization of cocrystallized analytes was induced with a pulsed nitrogen laser beam (337 nm), and the ions were accelerated in a field of 20 kV and reflected at 23 kV ( Müller et al. 1997) .
In vitro glycosylation of variant and nonvariant MUC1 repeats
The enzymes rGalNAc-T1 and rGalNAc-T2 were kindly provided by Dr Henrik Clausen, School of Dentistry, Faculty of Health Sciences, University of Copenhagen, Denmark. Peptide substrates (100-500 µM) were dissolved in 25 mM cacodylate buffer, pH 7.4 containing 10 mM MnCl 2 and mixed with UDP-GalNAc (200 µM) and rGalNAc-Ts to a total volume of 20 µl as previously described . After 24 h incubation at 37°C aliquots of the reaction mixtures were diluted 1:20 in 0.1% aqueous TFA and mixed with the double volume of dihydroxy benzoic acid (20 mg/ml 0.1% aqueous TFA/acetonitrile, 2:1) on the target. The dried samples were analyzed by MALDI mass spectrometry on a Bruker Reflex IV as described above.
Structural analysis of proteolytic fragments from endogenous and recombinant MUC1
The recombinant MUC1 construct MFP6 was transiently expressed in the human epithelial kidney cell line HEK293 (American type culture collection) and isolated from the culture supernatant as described previously . The mucin probe (100 µg) was partially de-O-glycosylated by limited treatment with trifluoromethane sulfonic acid (Sigma, Unterhaching, Germany) in the presence of anisol (10% vol.) at 0°C for 60 min ( Müller et al. 1997) and desalted after neutralization with pyridine/water (60% vol.) on a NAP-5 column (Amersham Biosciences Europe, Freiburg, Germany). The dried sample was solubilized in ammonium hydrogencarbonate (0.1 M) containing 1 mM CaCl 2 and digested with trypsin (Promega, Mannheim, Germany) at an enzyme/substrate ratio of 1% for 18h at 37°C. After vacuum evaporation the sample was taken up in 0.1% aq. TFA and chromatographed on a narrow-bore C18 HPLC column (Ultrasphere C18, 2 x 150 mm, Beckman Coulter, Unterschleißheim, Germany) using a gradient of the solvent mixtures A (2% acetonitrile/0.1% TFA) and B (80% acetonitrile/0.1% TFA; 6 to 26% solvent B during 30 min). The vacuum dried fractions were analysed by MALDI-MS.
Endogenous MUC1 from milk fat membranes (50 µg) was partially de-O-glycosylated ( Müller et al. 1997 ) and further treated in 0.1 M citrate-phosphate buffer, pH 3.8 with 3.3 µg/ml α-N-acetylgalactosaminidase (Sigma) for 16h at 37°C. The deglycosylated mucin was solubilized in 0.1 M ammonium hydrogencarbonate, pH 7.8 and incubated with 1.25 µg of endoproteinase Glu-C from Staph. aureus (Roche) for 16h at 37°C.
